Background-The Carotid Revascularization Endarterectomy Versus Stenting Trial (CREST) found a higher risk of stroke after carotid artery stenting and a higher risk of myocardial infarction (MI) after carotid endarterectomy. Methods and Results-Cardiac biomarkers and ECGs were performed before and 6 to 8 hours after either procedure and if there was clinical evidence of ischemia. In CREST, MI was defined as biomarker elevation plus either chest pain or ECG evidence of ischemia. An additional category of biomarker elevation with neither chest pain nor ECG abnormality was prespecified (biomarkerϩ only). Crude mortality and risk-adjusted mortality for MI and biomarkerϩ only were assessed during follow-up. Among 2502 patients, 14 MIs occurred in carotid artery stenting and 28 MIs in carotid endarterectomy (hazard ratio, 0.50; 95% confidence interval, 0.26 to 0.94; Pϭ0.032) with a median biomarker ratio of 40 times the upper limit of normal. An additional 8 carotid artery stenting and 12 carotid endarterectomy patients had biomarkerϩ only (hazard ratio, 0.66; 95% confidence interval, 0.27 to 1.61; Pϭ0.36), and their median biomarker ratio was 14 times the upper limit of normal. Compared with patients without biomarker elevation, mortality was higher over 4 years for those with MI (hazard ratio, 3.40; 95% confidence interval, 1.67 to 6.92) or biomarkerϩ only (hazard ratio, 3.57; 95% confidence interval, 1.46 to 8.68). After adjustment for baseline risk factors, both MI and biomarkerϩ only remained independently associated with increased mortality. Conclusions-In patients randomized to carotid endarterectomy versus carotid artery stenting, both MI and biomarkerϩ only were more common with carotid endarterectomy. Although the levels of biomarker elevation were modest, both events were independently associated with increased future mortality and remain an important consideration in choosing the mode of carotid revascularization or medical therapy. Clinical Trial Registration-URL: http://www.ClinicalTrials.gov. Unique identifier: NCT00004732.
R ecently published primary data from the Carotid Revascularization Endarterectomy Versus Stenting Trial (CREST) showed no difference in the composite end point of stroke, myocardial infarction (MI), or death during the periprocedural period and ipsilateral stroke over 4 years of follow-up. 1 However, the higher risk of stroke with carotid artery stenting (CAS) and higher risk of periprocedural MI after carotid endarterectomy (CEA) underscore the need for detailed analysis of the individual components of the composite end point. 1 Indeed, it has been argued that MI in this setting is not as important an event in terms of overall health as stroke, and the previously presented quality-of-life data in CREST are concordant with this view. 1, 2 On the other hand, it has been shown that small elevations of cardiac enzymes after a variety of cardiovascular and noncardiovascular procedures are associated with increased future mortality. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Whether these findings pertain to patients undergoing carotid artery revascularization is unknown. We therefore performed a post hoc analysis to explore in detail the characteristics and prognostic importance of MI among patients undergoing either CAS or CEA.
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Methods
One hundred eight centers in the United States and 9 in Canada enrolled 2502 patients in CREST, a randomized, controlled trial of CAS versus CEA with blinded end-point adjudication. 16, 17 The institutional review boards/ethics committees at all participating centers approved the protocol, and all patients gave written informed consent. Accunet and Acculink carotid stenting systems by Abbott Vascular Solutions (formerly Guidant; Santa Clara, CA) were used for patients randomized to CAS.
Patient Population
Symptomatic (stroke, transient ischemic attack, or amaurosis fugax Ͻ180 days before randomization) and asymptomatic patients with qualifying stenosis severity were eligible for randomization to CAS or CEA. Full eligibility criteria are described elsewhere. 18 Patients assigned to CAS received aspirin and clopidogrel before and after the procedure, and those assigned to CEA received aspirin. 18 The primary study end point was the composite of any stroke, MI, or death during the periprocedural period or ipsilateral stroke within 4 years after randomization. The definition of the periprocedural period and details of the statistical analysis have previously been presented. 1 
Ascertainment of Periprocedural Myocardial Infarction
Cardiac biomarkers were measured routinely before and 6 to 8 hours after the assigned study procedure. Electrocardiograms were performed before and 6 to 48 hours and 1 month after the procedure. Additional cardiac biomarkers and ECGs were recommended if there was evidence of pathological elevation of postprocedural biomarkers, a change in ECG, chest pain lasting Ͼ15 minutes, or if other symptoms suggested myocardial ischemia. Patients suspected of having an MI on the basis of symptoms or ECG changes were identified by the individual sites and referred for adjudication of possible MI. Adjudication was performed by 2 members of a 3-person events review committee using original source documents. If the 2 reviews were discordant, a third review was performed, and the event designation was assigned by the majority opinion. In addition, all preprocedural and postprocedural ECGs were reviewed by a centralized core laboratory and classified as demonstrating MI with a high or moderate likelihood. When MI was suspected on the basis of the ECG reading, serial ECGs were analyzed to determine whether the infarction represented a new event. Any ECG demonstrating a high or moderate likelihood of MI resulted in referral of the case to the adjudication committee, which made the final determination of whether an MI occurred. Committee members were blinded to randomized treatment assignment. Screening of cardiac enzymes recorded in the trial database was performed, and cases in which elevated biomarkers were found were also sent for committee adjudication, as described below.
Cardiac biomarkers were analyzed at local-site laboratories, yielding a mixture of biomarkers and local-site laboratory MI designations. At sites that obtained troponin I, thresholds for detection varied from 0.03 to 0.1 ng/mL, and thresholds for MI designation ranged from 0.4 to 0.78 ng /mL. At sites using troponin T, the threshold for detection was 0.01 ng/mL and the threshold for MI designation was 0.10 ng/mL. At sites where creatine kinase (CK) was obtained, the upper limits of normal ranged from 122 to 200 IU/L, and the upper limits of normal for CK-MB (CK-MB) ranged from Ͼ5 ng/mL to 16 IU/L.
By protocol, MI required evidence of myocardial ischemia plus elevation of CK-MB or troponin to a value of Ն2 times the individual clinical center's laboratory upper limit of normal. 18 Evidence of myocardial ischemia included chest pain or equivalent symptoms consistent with myocardial ischemia or ECG evidence of ischemia, including new ST-segment depression or elevation Ͼ1 mm in Ն2 contiguous leads or new pathological Q waves in Ն2 contiguous leads. In the absence of chest pain or ECG changes, suspected cases were sent for adjudication with troponin T Ն0.10 or troponin I Ͼ2 times the detection limit or with an upward trend at any quantitative level. Elevation of biomarkers without symptoms or ECG changes (biomarkerϩ only) was prespecified and defined as elevation of CK-MB or troponin to a value of Ն2 times the individual clinical center's laboratory upper limit of normal in the absence of a coronary revascularization procedure. If percutaneous coronary intervention was performed, elevation of CK-MB or troponin to a value of Ն3 times the individual clinical center's laboratory upper limit of normal was required. Finally, if coronary bypass surgery was performed, elevation of CK-MB or troponin to a value of Ն5 times the individual clinical center's laboratory upper limit of normal was required. Per protocol, these events were not included in the primary end point but have been included in this analysis when indicated.
For estimation of MI size, we used the methodology of the Global Registry of Acute Coronary Events (GRACE) Registry of acute coronary syndromes and computed a peak biomarker ratio, 19, 20 and, when available, a CK-MB index (CK-MB/total CK)ϫ100). 21 For troponin I and CK-MB, the peak biomarker ratio was the highest level of the biomarker divided by the upper limit of normal of each site's reference laboratory. For troponin T, the reference value was set at 0.01 ng/mL.
Although the study protocol did not prespecify criteria for the definition of ST-elevation, Q-wave, or non-ST-elevation MI, the event committee reviewers' narratives were reviewed post hoc, along with ECGs and source documents by 1 reviewer blinded to randomization to CEA or CAS, and a designation of ST-elevation MI or non-ST-elevation MI was made.
Stroke was defined as an acute neurological event with focal symptoms and signs lasting Ն24 hours that were consistent with focal cerebral ischemia. The adjudication process was initiated after a clinically significant neurological event, any positive response on the transient ischemic attack-stroke questionnaire, or an increase by Ն2 points in the National Institutes of Health Stroke Scale score. Stroke was defined as major stroke on the basis of clinical data or if the National Institutes of Health Stroke Scale score was Ն9 at 90 days after the procedure. All other strokes were considered minor. Only ipsilateral stroke was adjudicated after the periprocedural period.
Statistical Analysis
For the purposes of this analysis, patients were characterized as MI, biomarkerϩ only, or neither MI nor biomarkerϩ only. Baseline characteristics were compared by use of the 2 test for discrete variables and ANOVA for continuous variables. Comparison of biomarkers between groups was analyzed with a 2-tailed t test. Multivariable predictors of periprocedural MI and biomarkerϩ only were assessed with the following covariates: age, diabetes mellitus, previous cardiovascular disease or prior coronary artery bypass surgery, and creatinine clearance. Crude mortality and the hazard ratio for mortality up to 4 years were calculated and adjusted for baseline differences through the use of a Cox proportional hazards model incorporating the same 4 baseline covariates noted above.
Results
Overall, CREST randomized 2502 patients: 1240 assigned to CEA and 1262 to CAS. Cardiac biomarkers were collected before CEA or CAS in 90% of these patients and at 6 to 8 hours after the procedure in 88%; troponin without CKϩCK-MB was obtained in 37%, troponin with CKϩCK-MB in 23%, and CKϩCK-MB without troponin in 30%. There were 42 patients with adjudicated MI in CREST. Fourteen MIs occurred among the CAS patients and 28 among the CEA patients (hazard ratio, 0.50; 95% confidence interval [CI], 0.26 to 0.94; Pϭ0.032). Of these, 1 occurred after randomization but before the index procedure, 29 occurred within 24 hours of the initial carotid revascularization procedure, 9 occurred between 2 and 7 days after carotid revascularization, and 3 occurred between 8 and 30 days after carotid revascularization. Two ST-elevation MIs were detected, 1 after CAS and 1 after CEA. Twenty additional patients were adjudicated from 114 suspected MI events as having biomarkerϩ only (ie, without either chest pain or ECG changes); 12 events occurred in the CEA group and 8 in the CAS group (hazard ratio, 0.66; 95% CI, 0.27 to 1.61; Pϭ0.36). Of these 20 biomarkerϩ only events, 18 occurred within 24 hours of the initial carotid revascularization procedure, and 2 occurred between 2 and 7 days after carotid revascularization.
Baseline characteristics according to MI status are shown in Table 1 . The MI or biomarkerϩ only patients were older and had a greater frequency of prior cardiovascular disease (history of MI, angina, coronary insufficiency, intermittent claudication, or congestive heart failure) and lower creatinine clearance compared with patients without MI or biomarkerϩ only. Multivariable analysis revealed that the only independent predictor of MI for the overall CREST population was a history of prior cardiovascular disease (Table 2 ). For the combined end point of MI or biomarkerϩ only, the multivariable predictors were history of prior cardiovascular disease and baseline creatinine clearance (Table 2) . No data were available regarding the use of periprocedural ␤-blocker therapy. Thienopyridine use in CEA was not recorded. In CAS patients, the documented use of preprocedural thienopyridines was similar in MI patients (83%), biomarkerϩ only patients (71%), and patients who had neither MI nor biomarkerϩ only (77%). Medications to lower cholesterol were recorded only in patients with a history of dyslipidemia, and there were no significant differences at baseline in use of cholesterol-lowering drugs between groups (Table 1) . In patients with adjudicated MIs, the median biomarker ratio was 40. In patients with biomarkerϩ only, the median biomarker ratio was 14 (Table 3) . Biomarker elevations were higher in the 27 MI patients with chest pain compared with the 15 MI patients without chest pain. Twenty-six of the 42 adjudicated MI patients had CK-MB in addition to troponin, and 12 (46%) had a CK-MB peak Ͻ2 times the upper limit of normal. Similarly, among 12 of 20 biomarkerϩ only patients with both CK-MB and troponin data, 8 (67%) had CK-MB Ͻ2 times the upper limit of normal. There were no differences in peak biomarker ratio for patients randomized to CAS compared with CEA. The distribution of biomarker ratios is shown in Figure 1 .
Mortality During Long-Term Follow-Up
Deaths by MI, biomarkerϩ only, and neither are listed by the periprocedural period, year 1, and out to 4 years in Table 4 . During long-term follow-up (median, 2.5 years; range, 1 to 4 years), there were 177 deaths, with an estimated 4-year mortality of 7.1%. In crude analyses, both adjudicated MI and biomarkerϩ only events were associated with increased mortality compared with patients without either event. The unadjusted hazard ratios were 3.40 (95% CI, 1.67 to 6.92, PϽ0.001 for MI) and 3.57 (95% CI, 1.46 to 8.68, Pϭ0.005 for biomarkerϩ only) ( Table 4 and Figure 2 ). In analyses that adjusted for baseline factors, including creatinine clearance, the hazard ratios for mortality remained largely unchanged for both adjudicated MI (3.67; 95% CI, 1.71 to 7.90; Pϭ0.001) and biomarkerϩ only (2.87; 95% CI, 1.16 to 7.14; Pϭ0.023; Table 4 ). Additional adjustment for symptomatic status and sex had little impact on the estimated risk differences. Among MI patients, there were 5 deaths in the CEA group and 3 deaths in the CAS group. For the isolated biomarkerϩ only patients, there were 2 deaths after CEA and 3 deaths after CAS. None of these differences were significant.
There were limited data during follow-up regarding adjunctive medical therapy except for lipid-lowering therapy. Among 1866 patients with a diagnosis of hyperlipidemia, 95% were on lipid-lowering therapy with no differences between those who died and those who lived.
Discussion
In this large randomized trial of carotid revascularization comparing CAS and CEA, either protocol-defined MI or positive biomarkers without other criteria for MI occurred in 2.5% of patients. The trial was unique because it included both patients with symptomatic and those with asymptomatic carotid disease at various levels of surgical risk, and systematically collected biomarker and other clinical data for adjudication of periprocedural MI. Both protocol-defined MI and biomarkerϩ only were almost twice as frequent among patients randomized to CEA. Although the degree of biomarker increase was relatively small compared with spontaneous MI events, [22] [23] [24] [25] [26] [27] [28] [29] the presence of either MI or biomarkerϩ only was associated with significantly higher risk for subsequent mortality, even after adjustment for baseline risk factors. Prior large randomized trials comparing CAS and CEA in conventional risk patients have not reported rates of MI comparable to those reported in our study. Myocardial infarction was not a component of the primary end point for the Endarterectomy Versus Angioplasty in Patients with Symptomatic Severe Carotid Stenosis (EVA-3S) trial or in the Stent-Supported Percutaneous Angioplasty of the Ca- rotid Artery Versus Endarterectomy (SPACE) trial. In EVA-3S, SPACE, and the International Carotid Stenting Study (ICSS), cardiac biomarkers were not specified per protocol. 30 -32 Accordingly, the reported rates for MI were much lower than in CREST. Specifically, the rate of MI was 0.4% for CAS and 0.8% for CEA in EVA-3S, 0.4% for CAS and 0.6% for CEA in ICSS, and 0% for both CAS and CEA in SPACE. In ICSS, fatal MI events occurred in 3 of 853 patients (0.4%) with CAS, and 5 nonfatal MIs occurred in 821 patients with CEA (0.6%). 32 Only in the high-surgical-risk, randomized Stenting and Angioplasty With Protection in Patients at High Risk for Endarterecto- my (SAPPHIRE) trial, which incorporated systematic collection of CK and CK-MB, was a higher rate of MI detected: 5.9% for CEA and 2.4% for CAS. 33 As suggested by the higher frequency of MI in SAPPHIRE, certain baseline patient factors contributed significantly to the risk for periprocedural MI or elevated biomarkers in CREST. In particular, patients with known cardiovascular disease or renal insufficiency were more prone to periprocedural MI. It is premature to speculate whether these data should be used to guide patient selection for CAS versus CEA in clinical practice. Indeed, in CREST subgroup analyses, elderly patients who are likely to have an increased prevalence of both prior cardiovascular disease and renal insufficiency had improved overall outcomes with CEA compared with CAS. 1 Nevertheless, it seems advisable to implement or test protective strategies for the prevention of MI in these higher-risk patients, especially if selected to undergo CEA. Candidate approaches might include high-dose statins, which have shown benefit in reducing periprocedural MI after percutaneous coronary intervention, 34 or more robust dual antiplatelet therapy, as is used for CAS. Certainly, for asymptomatic patients identified to be at higher risk for MI or stroke after CEA or CAS, optimal medical therapy may actually be the preferred option and should be evaluated in a prospective controlled trial.
Our results do not provide direct measurements of the extent of myocardial injury, but indicate that most of the MIs were small or moderate. One fourth of the patients had biomarker ratios Ͻ10 times the laboratory upper limit of normal, whereas approximately one half were detected only by troponin and did not meet diagnostic criteria by CK-MB. Nonetheless, the CREST patients with periprocedural MI or biomarkerϩ only were Ͼ3 times more likely to die during follow-up than those without MI, even after adjustment for important baseline characteristics. This is consistent with case series of patients with low-level periprocedural troponin elevation after major noncardiac surgery, percutaneous coronary intervention, coronary artery bypass grafting, and other procedures. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 35, 36 As in these other examples, the association of even a small MI with late mortality does not imply a cause-and-effect relationship. It is likely that the occurrence of periprocedural biomarker elevation or even clinical MI is a marker of more extensive atherosclerotic disease. Whether the development of an ischemic event in relation to the performance of a procedure adds further to this risk cannot be assessed in CREST and has not been discernable from any of other multiple studies reporting such an association. Recognition of the association remains important to possibly avoid the procedure in highest-risk patients and to consider more aggressive long-term risk factor management in those patients who sustain an event.
The CREST investigation was not designed to characterize MI, so inference from this report has several limitations. Although death rates were significantly different, this result was based on only 13 deaths in the MI and biomarkerϩ only groups. A central core laboratory for cardiac biomarker analysis was not used. We therefore analyzed the cardiac biomarker ratio using a range of markers and site-specific assays instead of a designated quantitative level for a single marker. The use of CK and CK-MB without troponin may have identified more CEA cases to be sent to adjudication because CK and CK-MB liberation from surgical disruption of skeletal muscle is commonplace. Postprocedural biomarker assessment was limited to 6 to 8 hours after the procedure in most patients, whereas the peak detection rate of post surgical cardiac biomarkers for major surgical procedures is 24 to 48 hours after the procedure. A difference in length of stay between CAS and CEA may have increased the detection rate of biomarker abnormality in CEA because symptoms, biomarker abnormalities, and ECG changes all triggered additional biomarker measurements.
Conclusions
In the randomized CREST trial, both protocol-defined MI and biomarker positivity without symptoms or ECG changes occurred more often with CEA than CAS. Both events were associated with increased long-term mortality in unadjusted and risk-adjusted analyses. These findings demonstrate that the occurrence of periprocedural MI or biomarkerϩ only identifies a population of patients at greater risk of death in longer-term follow-up and suggest that individualized patient risk for such events may be an important consideration in the choice of CAS or CEA and the choice of carotid revascularization or medical therapy.
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